Abstract. We report the observation of new features in the spectrum of the Cataclysmic Variable WZ Sge in quiescence. From phases 0.25 to 0.5 an absorption of the same shape as the emission S-wave is seen, but redshifted by 200 km/s. We show that this is most easily explained as absorption of continuum light from the hot spot by the accretion disk. It allows a determination of the location of the stream impact point in the system, thereby xing the mass ratio and the radius of the disk. In addition, evidence is found for substructure in the line emitting spot. One of the components is identi ed with emission from the stream impact region, but the strongest component is probably due to emission from post-shock material, extending to about 25 downstream from the continuum hot spot. Theoretical considerations about the physics producing this emission are given.
Introduction
WZ Sge is one of the brighter cataclysmic variables. Its disk is partially eclipsed by the secondary, making it a good candidate for detailed studies of accretion disks in mass transfering binaries. The unusually long recurrence time of its outbursts, the light curve of these outbursts, and its low mass transfer rate make it comparable in many ways (van Paradijs and Verbunt 1984, Lasota 1996) to the soft X-ray transients. Because of the proximity of WZ Sge (about 70 pc, Sion et al., 1995) its disk can be studied in much more detail, at optical wavelengths, than the disks of the soft X-ray transient systems. This motivated the spectroscopic observations on which this Letter is based. The observations will be reported in more detail elsewhere; in the present report we concentrate on the interpretation of new spectral features associated with the stream impact region. For reviews on the properties of WZ Sge, see Gilliland et al. (1986) , Smak (1993) , Warner (1995) and references therein.
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Observations and reduction
About 700 spectra of WZ Sge were obtained with the 2.5 meter Isaac Newton Telescope using the Intermediate Dispersion Spectrograph on July 20{23 1995, during good seeing but with signi cant extinction by atmospheric dust. The spectra have a resolution of 2 A, covering the range 5800{7100 Aon the EEV 1280 1180 CCD. About 80 spectra covering 4 orbits were taken with an integration time of 200s on the nights of July 20 and 21. The remaining spectra, on the nights of 21{23, were exposed for 30s. To correct for slit losses and variable (wavelength dependent) extinction, the M eld dwarf located at 8 " and position angle 100 :5 was exposed together with WZ Sge. We checked that H was in absorption in this dwarf in all spectra, making plausible that it is not a variable active star. Its spectrum was ux-calibrated with the standard BD+25 3941, and then used to ux-calibrate the individual spectra of WZ Sge in 6 continuum wavelength bands. The spectra, folded over orbital phase, are shown in gure 1. A theoretical White Dwarf spectrum kindly provided by P. Bergeron (Bergeron et al. 1991 , Bergeron 1993 for the temperature and gravity determined from HST observations by Sion et al. (1995) was scaled to match the observed HST UV ux and subtracted from the spectra in order to remove the broad absorption underlying the emission line. Maximum entropy Doppler maps (Marsh and Horne 1988) were then made, using the same algorithm as used previously (Spruit 1994 ) for eclipse mapping. The map for the combined 30 sec exposure data ( g. 1, left panel) is shown in gure 2. An expanded view of the hot spot region is shown in gure 4.
Results
In addition to the classical S-wave, the spectrum shows some new features. The eclipse of the line pro le is clearly seen as an inclined absorption feature around phase 0. The blue side of the line is eclipsed before the red side, as expected from an accretion disk in a mass transfering binary (e.g. Marsh et al. 1987 , Marsh 1988 . The phase of this feature determines the time of inferior conjunction of the secondary, relative to the conventional ephemeris (Robinson et al. 1978) , which is based on the deepest point in the eclipse as seen in continuum light.
We measured this phase di erence to be ?0:041 0:005. The phases in the axis in gure 1 and in the rest of the text are based on this determination of the spectroscopic zero point, i.e. they are shifted by -0.041 orbits with respect to the Robinson et al. ephemeris.
Evidence of eclipse in the line is seen up to velocities of 1000 km/s. Together with the absence of an eclipse of the white dwarf, this puts new constraints on the mass ratio and inclination of the system. We defer a more detailed analysis to a future paper. On the red side of the line, the eclipse is more pronounced than on the blue side. This is expected because the eclipse of the hot spot coincides roughly with the eclipse of the red-shifted part of the disk. The deepest point of the eclipse in the red wing occurs at phase 0:055 0:005, as shown in gure 3. This is later than the deepest point in the continuum eclipse by about 0.015 orbits. Though this is not a very large di erence, we believe it to be real. It indicates that the hot spot as seen in H does not coincide exactly with the continuum hot spot. In measuring this shift, we have used the zero point of the Robinson et al. ephemeris as the time of mid-eclipse of the continuum, because the continuum in our spectra does not have su cicient S/N for an accurate measurement. This is a reliable procedure, since the time of the continuum eclipse is known to vary by less than 0.003 orbits (Robinson et al, 1978) . Another previously unseen feature is the absorptioǹ shadow' apparently tracking the S-wave between phases 0.25 and 0.5. It is seen on each of the four nights (compare left panel in gure 1 with the middle and right panels). Though only present at these phases, its behavior mimics that of the emission S-wave. For example, it looks broader on the red side than on the blue side. Its properties suggests that the feature is somehow physically related to the hot spot.
The Doppler maps of the hot-spot region show that the emission is distributed over an extended region in velocity space. In g 4 we recognize a higher velocity component which is more extended in the azimuthal direction, and a component of slightly lower velocity which is less extended. This structure is visible in both maps, constructed from data obtained on di erent nights and with di erent time resolution (but similar total integration time). This shows that it is a relatively stable property of the emission region, and not an artefact of over-reconstruction of noise in the data.
Unlike in some other systems (IP Peg: Marsh and Horne 1990, U Gem: Marsh et al. 1990 , A0620: Marsh et al. 1994 ), there appears to be no emssion whatsoever at the expected velocity of the secondary.
4. Interpretation 4.1. The absorption feature The densest part of the S-wave absorption feature has zero radial velocity w/r the system at phase 0.42. If we use Smak's (1993) system parameters for the moment, the disk radius is about 0:31a, and the mass ratio q = 0:11. The computed trajectory of the stream from the L1 point then intersects the outer edge of the disk at an azimuth of 34 with respect to the line connecting the stars. Material in Kepler orbits at this azimuth has zero radial velocity at phase 0.41, close to the observed middle of the absorption feature.
If the continuum hot spot is located at the point where the computed stream meets the disk, its light has to pass through the intervening accretion disk in order to reach us. An absorption feature will then occur if the optical depth to the hot spot around phase 0.4 is low in the continuum, but high in the line. This interpretation is consistent with the fact that the absorption is seen only between phases 0.25 and 0.5. In many high-inclination systems, the continuum light of the hot spot produces a single hump in the light curve, evidence that the hot spot is obscured by the disk when on the side of the disk facing away from the observer. In WZ Sge, however, the orbital modulation is double humped. This is interpreted (Robinson, Nather and Patterson 1978) as evidence that the disk in this system is su ciently optically thin that continuum light from the hot spot is visible at all phases. Perhaps this happens only in systems of moderately high inclination ( 70 ), such that the optical depth along the line of sight is not too large. The double humped nature of the light curve in WZ Sge is thus consistent with our interpretation of the absorption feature.
A conceptual complication in the picture sketched arises because the hot spot is also expected to produce line emission. If the emitting material were orbiting at the local Kepler velocity, it would show up in the spectrum at the same location as the absorption feature, e ectively masking it. It is known from other studies however, that the line emission associated with the hot spot does not have the velocity of a Kepler orbit at the impact point (Marsh et al. 1990 ). Generally, the emission is found to have a velocity somewhere between that of the stream and that of a Kepler orbit at the impact point. In this way the absorption feature becomes observable because of non-Keplerian motion of the line-emitting gas.
With this interpretation, the absorption feature can be used to constrain the system parameters. Since the shape of the stream trajectory depends only on the mass ratio q, the eclipse phase of the continuum hot spot together with the phase of zero velocity shift of the absorption S-wave determine both q and the relative disk radius r d =a. From our data we nd q = 0:09, r d =a = 0:34. A more detailed analysis including error bars will be given elsewhere.
A hint of the shadow feature may be present in published data of some other systems, for example in the H spectrum of U Gem in Marsh et al. (1990, their A reasonable theoretical interpretation for the`intermediate' velocities seen in the line emitting spot is found (Marsh et al. 1990 ) by considering the hydrodynamics at the impact point. At this point, there are two shocks, one in disk material and one in the incoming stream (R o_ zyczka 1985). The postshock ows of both shocks are separated by a contact discontinuity, across which there is a di erence in velocity. Emission from the postshock material would thus show up at two distinct velocities. Both these velocities would be intermediate between the stream velocity and the local Keplerian velocity.
Mixing across this discontinuity by Kelvin Helmholtz instabilities is likely to occur, however, as actually observed in hydrodynamical simulations (R o_ zyczka 1985) . If this is the case, it is not clear that the emission would show up in two separate velocity components. Dissipation of the relative kinetic energy may take some time, leading to a`tail' of emission downstream from the impact region.
The situation is likely to be even more complicated, however, since it is not at all obvious that the main line emission originates at the impact point. The immediate postshock temperatures are of the order of a few million degrees, and the plasma does not emit in optical lines at such temperatures. The main optical line emission is expected during recombination, as the postshock material cools down. Since the gas, as it cools, travels in orbital direction, the main H emission from the shock-heated gas is expected somewhat downstream from the impact point. In order to estimate how large this delay might be, we rst develop some considerations on the hydrodynamics of the shock-heated gas. For a more extensive discussion of the processes involved see Meyer-Hofmeister et al. (1996) . 4.3. Post-impact hydrodynamics With a disk radius r d = 0:34a = 1:3 10 10 cm, a mass ratio q = 0:09, and a primary mass M1 = 0:7M , the stream impacts the disk at velocity (velocity component normal to the disk rim) v1 = 530km s ?1 . Denoting pre-(post-)shock quantities with an index 1 (2), the shock jump conditions (e.g., Landau and Lifshitz, 1959) (1) where we have used 5=3 since the ionization energy is small compared with the enthalpy behind the shock, and have ignored the gas pressure in the impacting stream. The postshock sound speed is of the order 35% of the orbital speed at the disk rim. The corresponding temperature is 4 10 6 K. The hot post-shock gas is not in hydrostatic balance, and starts to expand to reach a new equilibrium. If cooling were ineffective, the expanding post-shock gas would reach a height h = cs= 5 10 9 cm. Evidence that some fraction of the gas actually reaches such heights have been found in U Gem (Mason et al. 1988 ) and OY Car (Horne et al. 1994) . For WZ Sge itself, the observation of an extended X-ray dip around phase 0.7 has also been interpreted as due to expansion associated with the stream impact (Richman and Patterson, 1994) . The expansion speed reached depends critically on the rate of cooling of the gas, however (R o_ zyczka 1985) . If the cooling time tc is larger than the sound crossing time ts = ri=cs, where ri the size of the impact region and cs the post-shock sound speed, the expansion velocity will be of the order cs. If the cooling time tc is shorter than ts, however, the pressure driving the expansion disappears before the full expansion speed cs is reached. This turns out to be the case for the streams in most systems. The importance of cooling is thus governed by the ratio 
Here l is the size of the impact region, is the thermal diffusivity (cm 2 /s), R is the Rosseland opacity, cp the speci c heat, and the Stefan-Boltzmann constant. For tc we have assumed that the cooling region is optically thick (see below). Because of the strong temperature dependence of tc, s turns out to be small at the immediate post-shock temperature of 4 10 6 K. Thus, the postshock region quickly cools down to some intermediate temperature before signi cant expansion can take place. During this cooling phase, the pressure in the post-shock region is kept at the value dictated by the ram pressure of the stream, 
where _ M is the mass transfer rate and ri the radius of the stream (assumed circular in cross-section). The post-shock temperature under the in uence of cooling can then be estimated by setting s 1. With cp 5=2R= (valid for an ideal gas with = 5=3), and the length scale l equal to the stream radius ri, this yields
With v7 v1=10 7 etc. this can be written as
(6) Applying this to WZ Sge, the radius of the stream at impact is of the order 1/2 of its value r0 at the L1 point, which is given by (e.g. Meyer and Meyer-Hofmeister 1983) , r 2 0 0:2c 2 s0 = 2 orb ; (7) where orb is the binary orbital frequency. This gives ri 10 8 cm. For q = 0:09, a white dwarf mass of 0.7 M , a disk radius r d =a = 0:34, and a mass transfer rate _ M15 1 we nd that the normal component of the impact velocity is v1 5:2 10 7 , and the ram pressure p2 3 10 6 . At the expected temperatures around T4 = 7, this implies a density of the order 4 10 ?7 . With standard opacity tables for solar composition, this gives R 50, and (6) gives T4 7. Thus, the postshock gas cools down to a temperature of the order 70 000K, after which the cooling time becomes longer than the sound crossing time, in part because of the large (9=2) temperature dependence in (5), in part because of the rapid increase of the opacity due to partial H ionization. A phase of adiabatic expansion then sets in until the gas has mostly recombined and becomes transparent again. This happens at a temperature of the order 8000K. The speed of expansion is the sound speed at the end of the rapid cooling phase, i.e. corresponding to T 7 10 4 . Denoting conditions at the beginning of the expansion phase by and index 0, we have cs0 = 3 10 6 . The size of the expanding region varies with time as l = l0 + tcs0. Assuming approximately isotropic expansion, the temperature in the expanding region varies as T ?1 l 3?3 :
(8) Taking 4=3 as a representative number for the partially ionized gas, the temperature has decreased to 8000 K after a time t 200s. With the orbital frequency d 6 10 ?3 s ?1 at the disk rim, this corresponds to an angle traveled by the expanding gas of the order 60 . This estimate is rather approximate, but suggests the order of magnitude to be expected from a more detailed radiative hydrodynamical calculation. The main conclusion is that the hot spot is expected to be followed (in the orbital sense) by an extended`tail' with strong H emission. The strongest emission is expected towards the end of this tail, when the size of the emitting region is largest.
In this estimate, we have assumed that the post-shock region is optically thick so that a di usion appoximation and a Rosseland opacity can be used. With the numbers derived we can now check on the consistency of this assumption. With a characteristic size l ri, the optical depth of the region is 
With v7 = 3 and R = 50, this yields = 5 at the beginning of the expansion phase. Because the opacity increases during the subsequent adiabatic cooling, the optically thick limit applies there. During the initial cooling phase, however, the assumption of optically thick cooling is less well justi ed. One might use an optically thin cooling formula instead. The conclusion, however, that fast initial cooling to a temperature around 6 10 4 K takes place probably remains valid.
Interpretation of the Doppler map
Armed with the picture developed above we return now to the interpretation of our Doppler maps. We can identify three possible sources of H emission from the hot spot region: i) The impact region itself. Excitation of gas in the stream or the disk by UV photons produced in the hot spot might give rise to H emission. This emission would show up at two clearly distinguishable velocities, those of the disk and the stream.
ii) Emission from the cooling post-shock gas. As estimated above, this emission could take place over an extended region along the rim, because the gas is optically thick and cools slowly in the temperature range 8000{60 000K.
iii) Emission due to dissipation of the di erence in orbital velocity between the shocked stream material and shocked disk material.
The time scale on which dissipation iii) takes place is poorly known, but since the velocity di erence is highly supersonic, most of it may plausibly happen in less than an orbital period of the disk rim. If this is the case the process would have a signature similar to the emission due to post-shock cooling. For the parameters of WZ Sge used above, we nd that the kinetic energy in this velocity di erence is only slightly smaller than the post-shock enthalpy, so that the contribution of the process could be signi cant. The velocity at which the combined emission from ii) and iii) would take place is somewhat hard to predict, since this depends on the degree of mixing of shocked gas with unshocked disk material.
Since mixing of the shocked gas with disk material increases its orbital velocity (the post-shock velocity being less than Keplerian), we identify the high-velocity component in the Doppler maps with the combined emission from processes ii) and iii). This is consistent with the fact that it is the strongest component, and with the fact that the strongest emission component appears to be eclipsed at a later phase than the continuum hot spot. The lower velocity compnent, less extended in velocity space, is identi ed tentatively with a region closer to the impact point. It might be due to emission from the impacting stream, radiatively excited by continuum radiation from the hot spot.
